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The  proton  exchange  membrane  fuel  cell  (PEMFC)  has  a  significant  potential  in  transportation,  backup, 
and  portable  power  applications,  although  there  still  are  remaining  technical  and  cost  challenges.  A  key 
current  goal  is  improving  the  performance  while  reducing  the  cost  of  the  gas  diffusion  layer  (GDL). 
Designing  a  commercial  GDL,  however,  is  far  more  complex  than  simply  making  a  porous,  sturdy, 
conductive  layer,  because  of  the  trade-offs  among  performance,  manufacturability,  and  cost.  An 
improved  understanding  of  its  multifarious  functions  in  the  fuel  cell  can  help  attain  this  goal.  Here,  we 
identify  11  key  characteristic  parameters  of  the  GDL  and  their  significance  to  its  performance.  We  begin  a 
discussion  of  some  of  these  parameters  in  this  paper,  specifically  those  related  to  the  structure  of  the  GDL 
substrate  and  the  microporous  layer  (MPL),  how  these  are  measured  experimentally  ex-situ,  how  they 
influence  fuel  cell  performance,  and  how  they  can  be  altered  via  the  manufacturing  process.  In  particular, 
we  investigate  the  correlation  between  ex-situ  measured  effective  diffusivity  of  water  vapor  and  in-situ 
performance  and  limiting  current  density  in  a  PEM  fuel  cell.  Further,  we  examine  the  effect  of  adding 
multiple  MPLs,  MPL  loading,  and  MPL  particle  size  on  cell  performance  under  both  wet  and  dry  operating 
conditions. 

©  2013  Published  by  Elsevier  B.V. 


1.  Introduction 

Polymer  electrolyte  membrane  (PEM)  fuel  cells  are  poised  for 
transportation,  backup  power,  and  portable  power  applications  [1  ]. 
They  have  many  advantages  including  low  operating  temperature, 
quick  starting  time,  high  efficiency,  low  weight,  and  simple  design. 
Despite  these  advantages,  however,  modern  PEMFCs  face  many 
challenges  before  fully  realizing  their  commercial  potential.  These 
include  high  cost,  inadequate  durability,  hydrogen  storage  and 
distribution  issues,  and  water  management  difficulties. 
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The  cost  breakdown  of  PEMFCs  has  been  analyzed  both  by  the 
Department  of  Energy  (DOE)  [2]  and  in  the  literature  [3].  It  has  been 
concluded  that  there  needs  to  be  a  significant  reduction  in  both  the 
capital  (high- volume,  low-cost  production  capability)  and  opera¬ 
tional  (improved  stack  efficiency)  costs  before  PEMFCs  can  be  fully 
commercialized.  The  life  of  a  PEM  fuel  cell  is  limited  by:  1 )  mem¬ 
brane  durability,  2)  catalyst  durability,  and  3)  that  of  the  balance  of 
plant  (BOP)  components.  Many  investigators  have  examined  the 
issue  of  membrane  durability,  e.g.,  the  impact  of  side  chain  degra¬ 
dation  by  hydroxyl  radicals  [4],  performance  loss  due  to  chemical 
and  electrochemical  degradation  [5-7],  and  with  the  mechanisms  of 
membrane  degradation  [8-10].  Others  have  focused  on  catalyst 
durability,  specifically  Pt  migration  11—13],  carbon  support  corro¬ 
sion  [  14,15  ]  and  catalyst  poisoning  16-18].  Much  work  has  also  been 
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done  to  investigate  the  BOP  components  for  PEMFCs,  namely,  air 
blowers  [19],  heat  exchangers  [20,21],  humidifiers  [22-24]  and  po¬ 
wer  converters  25,26].  Our  effort  is  focused  on  the  often-neglected 
gas  diffusion  layer  (GDL),  its  experimental  and  theoretical  charac¬ 
terization,  and  issues  related  to  its  design,  cost,  and 
manufacturability. 

The  GDL  is  comprised  of  a  highly  porous  woven  carbon  fabric,  or 
a  carbon  fiber  paper,  that  is  treated  with  PTFE  (Teflon)  to  make  it 
hydrophobic,  and  then  coated  with  a  microporous  layer  (MPL)  to 
form  a  2-layer  graded  porous  structure,  as  shown  schematically  in 
Fig.  1.  The  GDL  is  characterized  by  the  following  five  key  features 
[27],  each  of  which  requires  specific,  sometimes  competing,  GDL 
properties  for  desired  performance: 

1 )  Reactant  permeability:  This  should  be  as  high  as  possible  to  ensure 
an  adequate  supply  of  reactants  (O2/H2),  especially  oxygen  from 
air,  to  the  catalyst  layer  so  that  the  performance  is  limited  by 
electrode  kinetics,  not  by  reactant  transport.  This  requires  the 
GDL  to  be  macroporous  and  largely  free  of  liquid  water. 

2)  Product  permeability:  This  should  be  high  to  remove  water  to  the 
flow  field  effectively  and  prevent  it  from  building  up  at  the 
cathode  catalyst  layer  (CCL),  thereby  blocking  the  reactant  ac¬ 
cess  to  the  catalyst,  and.  On  the  other  hand,  it  should  not  be  so 
high  as  to  lead  to  membrane  drying,  which  would  reduce  the 
proton  conductivity  of  the  membrane  28]. 

3)  Electrical  conductivity:  This  should  be  as  high  as  possible  to 
minimize  Ohmic  losses  by  effectively  conducting  electrons  be¬ 
tween  the  catalyst  layer  and  the  current  collectors  via  the  bi¬ 
polar  plate.  However,  it  is  reduced  by  increased  porosity  and 
PTFE  content  of  the  GDL,  necessary  for  high  reactant  and 
product  permeabilities. 

4)  Thermal  conductivity:  This  should  be  high  to  effectively  remove 
the  heat  from  the  membrane  electrode  assembly  (MEA),  where  it 
is  produced,  to  the  bipolar  plates,  where  cooling  is  available.  The 
heat  effects  are  mainly  associated  the  cathode  reaction,  the  Ohmic 
losses  in  the  membrane,  and  water  evaporation/condensation. 

5)  Mechanical  support:  The  GDL  must  provide  robust  mechanical 
support  to  protect  the  membrane  and  catalyst  layers  from 
damage  during  assembly,  while  maintaining  good  interfacial 
contact  among  the  MEA  layers,  to  prevent  damage  from  any 


Fig.  1.  3-D  rendering  of  GDL  structure  with  carbon  fiber  in  red,  fill  matrix  in  green, 
PTFE  loading  in  yellow,  MPL  structure  in  blue,  and  some  large  pores  circled.  Made  with 
GeoDict®  software,  and  provided  by  Ballard  Power  Systems.  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


pressure  differentials  across  the  MEA,  and  to  avoid  its  deflection 

into  the  flow  field  channels  during  cell  compression. 

The  reactant  permeability  of  the  GDL,  typically  characterized  by 
the  effective  oxygen  diffusivity  of  the  cathode  GDL,  usually  de¬ 
termines  the  limiting  current  density,  and  is  dependent  on  the  pore 
structure  and  the  thickness  of  the  GDL  as  well  as  the  saturation 
level,  or  water  loading.  The  effective  diffusivity  is  a  function  of  the 
porosity,  tortuosity,  and  the  mean  pore  radius  of  the  GDL  29-31], 
as  discussed  further  below.  More  recently,  efforts  have  also  been 
made  to  relate  it  to  other  microstructural  properties,  such  as  pore 
shape,  orientation,  and  connectivity  [32,33].  Similarly,  the  product 
permeability  of  the  GDL  is  controlled  by  its  pores  structure,  thick¬ 
ness,  as  well  as  the  PTFE  content. 

In  addition,  the  transport  properties  of  a  GDL  are  greatly  influ¬ 
enced  by  the  MPL  design  (Fig.  1 ).  Although,  the  GDL  is  often  treated 
as  a  homogenous  material,  in  reality  the  GDL  substrate  and  MPL  are 
separate,  distinct  layers.  For  clarity,  thus,  here  we  will  refer  to  the 
carbon  paper  base  layer  without  any  MPL  coating  as  simply  the 
“substrate”,  while  “GDL”  implies  the  composite  of  the  substrate 
plus  the  MPL.  Further,  although  the  substrate  can  be  woven  carbon 
cloth  or  a  carbon  fiber  paper,  the  focus  in  this  work  is  exclusively  on 
the  carbon  fiber  paper,  since  the  woven  fabrics  are  significantly 
more  expensive  than  their  paper  counterparts,  due  to  the  higher 
amounts  of  expensive  carbon  fiber.  This  cost  difference  can  be  as 
much  as  ten-fold  at  high  volume  production,  which  is  prohibitive  to 
fuel  cell  commercialization. 

Significant  efforts  have  been  made  to  examine  the  influence  of 
the  presence  of  an  MPL  [34-37],  the  optimization  of  the  MPL 
thickness  and  composition  38-40],  and  the  effect  of  critical  MPL 
properties  including  pore  size  distribution,  porosity,  and  hydro- 
phobicity  [41—43].  Some  recent  publications  [44,45]  provide  an 
excellent  review  of  experimental  characterization  of  the  ex-situ 
electrical,  thermal,  and  mechanical  properties  of  the  GDL,  so  these 
are  not  the  focus  in  this  paper. 

A  key  characteristic  of  the  transport  performance  of  a  GDL  is 
measuring  in-situ  the  limiting  current  density  of  a  fuel  cell,  at  which 
the  cell  voltage  drops  to  zero  owing  to  mass  transportation  limi¬ 
tations,  typically  in  the  cathode  GDL.  Mathematical  models  have 
been  developed  for  the  limiting  current  density  in  terms  of  trans¬ 
port  properties  of  the  GDL  [46-49  .  The  limiting  current  density,  of 
course,  affects  the  performance  at  lower  currents  as  well  and  is, 
thus,  critical.  The  development  of  GDLs  with  higher  wet  limiting 
current  densities  could  allow  for  smaller,  more  energy  efficient  fuel 
cells  with  lower  overall  costs. 

Despite  significant  progress  in  recent  years,  the  further 
advancement  of  PEM  fuel  cells  is  limited  in  part  by  the  lack  of  a 
good  understanding  of  how  the  performance  of  a  GDL  is  correlated 
to  its  structure  and  design.  While  much  effort  has  been  spent  on 
optimizing  GDL  properties  for  specific  applications,  there  has  been 
little  effort  devoted  to  understanding  how  the  demands  on  the  GDL 
change  with  application,  and  how  those  demands  can  be  met  by 
altering  the  GDL  design.  Here,  we  focus  on  the  structural  properties 
of  the  GDL  and  MPL,  describing  how  they  are  measured  experi¬ 
mentally,  and  exploring  how  they  influence  fuel  cell  performance. 

A  total  of  11  ex-situ  GDL  characteristics  were  identified  that  in¬ 
fluence  GDL  performance,  and  are  listed  in  Table  1  in  order  of  their 
perceived  importance.  Some  of  these,  i.e.,  those  related  to  the  GDL 
and  MPL  structure  and  design  are  discussed  below  in  detail 
including  why  they  are  important,  how  they  can  be  measured 
experimentally,  and  how  they  can  be  altered  in  the  GDL  manufac¬ 
ture.  Other  characteristics  listed  in  Table  1  are  left  for  discussion  in 
future  publications.  All  the  GDLs  used  in  this  work  were  fabricated 
using  a  commercial  low-cost,  high-volume  production  process  at 
AvCarb®  Material  Solutions  in  Lowell,  MA,  USA. 
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Table  1 

Critical  GDL  characteristics  and  their  relative  significance  to  its  performance. 


GDL  property 

Reason 

Importance 

(1-10) 

Effective  diffusivity 

Critical  for  water  management 
properties 

10 

GDL  thickness 

Critical  for  MEA  sealing  and  cell 
compression  uniformity 

9 

Number  of  MPLs 

Critical  for  controlling  pore 
structure  in  the  GDL 

8 

MPL  loading  & 
particle  size 

Controls  pore  structure  at  the 

GDL/CL  interface 

7 

MPL  particle  type 

Impacts  adhesion,  water  transport, 
and  thermal  management  at 
the  interface 

7 

Surface  roughness 

Impacts  durability  of  the  membrane 
and  water  management 

6 

PTFE  content  (GDL/MPL) 

Significant  impact  on  water 
management,  electrical  & 
thermal  resistance 

5 

GDL  permeability 

Related  to  water  management,  flow 
sharing,  etc. 

5 

Basis  weight 

Impacts  GDL  structure,  durability,  and 
performance 

4 

Tensile  strength 

Necessary  for  appropriate  material 
handling  (continuous  processing) 

4 

Flexural  stiffness 

Related  to  deflection  of  GDL  into 
flow  channels 

3 

2.  GDL  physical  structure 

The  modern,  low-cost,  GDL  (Fig.  1 )  is  comprised  of  a  graphitized 
carbon  fiber  substrate  that  is  saturated  with  a  fill  matrix  composed  of 
a  binder  material,  carbon/graphite  particles  and  viscosity  agents. 
This  is  treated  with  PTFE  to  impart  appropriate  hydrophobicity  level 
to  it,  and  coated  with  an  MPL  to  provide  a  graded  pore  structure  to 
the  GDL.  The  electrical  and  thermal  properties  of  the  substrate  are 
dominated  by  the  carbon  fiber  content  and  fill  matrix,  while  the 
overall  GDL  properties  are  also  influenced  by  the  PTFE  content  of  the 
substrate  and  the  MPL  thickness  and  composition.  The  mechanical 
properties  are  dominated  by  the  thickness  and  the  composition  of 
the  substrate,  the  manufacturing  process  conditions,  the  PTFE  con¬ 
tent  in  the  substrate  and  the  MPL,  and  the  MPL  composition. 

The  GDL  physical  structure  is  characterized  by  the  following  ex- 
situ  properties:  thickness,  compressibility,  porosity,  pore  size,  and 
effective  diffusion  length.  Understanding  the  direct  impact  of  these 
properties  on  fuel  cell  performance,  however,  can  be  difficult 
because  the  in-situ  performance  is  highly  dependent  on  the  con¬ 
dition  of  the  GDL  inside  the  fuel  cell  stack.  Thus,  a  GDL  under  low 
compression  has  a  significantly  different  thickness,  porosity,  and 
electrical/thermal  conductivity  than  a  GDL  under  high  compres¬ 
sion.  These  ex-situ  properties  are,  thus,  measured  under  “standard” 
conditions,  that  can  be  significantly  different  from  those  the  GDL 
would  experience  inside  the  fuel  cell  stack. 

2  A.  GDL  thickness  and  compressibility 

The  uniformity  of  compressed  GDL  thickness  is  of  paramount 
importance  to  ensure  proper  sealing  of  the  membrane  electrode 
assembly  (MEA)  and  to  prevent  leaking  in  the  fuel  cell  stack.  If  the 
variation  in  the  GDL  thickness  at  the  compressed  load  is  more  than 
10-20  pm,  then  the  MEAs  might  not  seal  properly,  leading  to  leaks 
and  cells  with  low  performance,  requiring  expensive  stack 
rebuilding.  In  general,  a  more  compressible  GDL  may  be  able  to 
handle  thickness  variations  better  by  allowing  thickness  to  be 
controlled  by  adjusting  the  compressive  load  during  MEA  fabrica¬ 
tion,  but  overly  compressible  GDLs  also  tend  to  partially  fill  the  flow 


field  channels  under  compression,  blocking  flow  and  increasing  the 
pressure  drop. 

When  designing  a  GDL  for  a  specific  application,  it  is  important  to 
remember  that  thicker  GDLs  will  provide  better  protection  for  the 
membrane,  preventing  damage  during  compression,  and  will 
generally  have  a  higher  total  porosity  due  to  reduced  density.  Thicker 
GDLs,  however,  have  longer  diffusion  path  lengths,  tend  to  flood  more 
easily,  provide  more  thermal  and  electrical  resistance  than  thinner 
GDLs  [50],  and  typically  cost  more  due  to  increased  carbon  fiber 
content.  There  can  be  as  much  as  a  10%  difference  in  cost  for  a  50% 
increase  in  thickness,  but  it  should  be  noted  that  very  thin  materials 
(<100  microns)  become  more  difficult  to  handle  during  production, 
which  can  thus  increase  costs  due  to  reduced  production  yields.  The 
optimal  GDL  thickness  is  very  much  dependent  on  the  cell  design  and 
operating  conditions,  involving  trade-offs  among  performance, 
durability,  and  cost.  In  general,  for  cells  designed  to  operate  at  high 
current  densities  and  wet  conditions,  the  optimal  GDL  will  be  as  thin 
as  possible  under  compressed  load.  For  cells  designed  for  lower 
operating  current  densities  or  dry/self-humidified  systems,  thicker 
GDLs  will  help  to  better  control  the  water  content  and  improve  per¬ 
formance  over  thinner  GDL  designs.  The  thickness  of  the  GDL  can  be 
altered  by  adjusting  the  amount  of  fiber  content  in  the  base  paper, 
altering  the  fill  matrix  that  is  added  to  the  base  carbon  fiber  structure, 
or  modifying  the  MPL  composition  or  thickness. 

Measuring  the  GDL  thickness  may  seem  like  a  rather  simple 
task,  but  issues  can  arise  if  precautions  are  not  taken.  The  thickness 
should  be  measured  at  a  nominal  pressure  (typically,  1-10  psi)  as 
well  as  at  a  compressed  load  that  will  be  experienced  in  the  cell 
(typically,  100-350  psi).  The  thickness  can  be  measured  experi¬ 
mentally  with  a  set  of  displacement  probes  used  in  conjunction 
with  a  load  cell  (e.g.,  Instron),  as  shown  in  Fig.  2.  The  pressure  is 
applied  slowly  and  evenly  over  an  area  of  at  least  15  cm2  to  prevent 
uneven  compression  on  the  surface  of  the  GDL  and  each  sample  is 
measured  multiple  times  to  ensure  accuracy.  The  surface  of  the 
displacement  probes  is  cleaned  to  remove  any  debris/residue  after 
testing,  especially  if  the  tested  GDL  has  been  coated  with  an  MPL  as 
particles  may  stick  to  the  surface  and  influence  subsequent  read¬ 
ings.  This  is  typically  done  in  conjunction  with  compressibility 
measurements  as  described  in  the  literature  [45]. 

2.2.  GDL  pore  structure 

The  pore  volume  and  mean  pore  radius  are  typically  measured 
via  Intrusion  Porosimetry,  which  involves  injecting  a  non-wetting 
fluid  (typically  mercury)  into  the  GDL  at  increasing  pressures,  and 
recording  the  intrusion  volume  under  quasi-equilibrium 


Fig.  2.  Image  of  a  GDL  thickness  measurement  device  utilizing  two  displacement 
sensors. 
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conditions.  These  data  are  then  translated  via  the  Kelvin  Equation 
into  the  intrusion  volume  vs.  pore  size.  Fig.  3  shows  mercury 
intrusion  porosimetry  results  for  two  GDL  designs  that  are  of 
similar  construction,  but  different  total  thickness.  The  mean  pore 
size  can  then  be  estimated  along  with  pore  volume  and  porosity. 
Although  there  is  some  concern  over  pore  deformation  due  to  the 
extremely  high  pressures  that  can  be  required  for  intrusion 
porosimetry,  it  is  generally  accepted  as  the  standard  technique  for 
characterizing  the  pore  structure. 

The  pore  volume  and  mean  pore  radius  of  a  GDL  sample  can  be 
different  for  similar  GDL  designs  with  different  thicknesses  because 
of  the  inherent  anisotropic  structure  (Fig.  1).  As  can  be  seen  in 
Table  2,  the  thicker  GDL  has  higher  total  pore  volume  and  larger 
mean  pore  radius  than  the  thinner  material,  although  specific  area 
is  higher  in  the  thinner  GDL. 

Wetting  fluids  (e.g.,  water/octane)  could  be  similarly  used  to 
characterize  only  the  hydrophobic  pores  of  the  GDL  [51].  This  is 
based  on  the  assumption  that  any  hydrophilic  pores  are  immedi¬ 
ately  saturated  by  the  wetting  liquid,  so  that  any  increase  in  volume 
with  applied  pressure  forces  the  liquid  into  hydrophobic  pores  only. 
This  analysis  can  be  compared  to  standard  analysis  with  a  non¬ 
wetting  fluid,  which  measures  all  the  pores,  to  determine  the 
fraction  of  hydrophilic  pores  in  the  GDL. 

The  pore  structure  of  the  GDL  (Fig.  1)  can  be  modified  by 
adjusting  the  carbon  fiber  content  or  the  fill  matrix  in  the  sub¬ 
strate,  altering  the  PTFE  content  in  either  the  substrate  or  the 
MPL,  adjusting  the  GDL  manufacturing  process  (line  speeds,  heat 
treatment  conditions,  etc.)  or  altering  the  number  of  MPLs  and 
their  composition.  It  is,  thus,  possible  to  manufacture  GDLs  with 
a  wide  range  of  pore  structures,  size  or  shape,  which  can  enhance 
performance  under  a  given  set  of  operating  conditions. 


3.  GDL  pore  structure  and  transport  properties 


The  gas-phase  effective  oxygen  diffusivity  of  the  GDL  is  the 
single  most  important  property  of  the  GDL  for  low  temperature 
PEM  fuel  cells,  as  it  determines  the  GDL  transport  controlled 
limiting  current  density  of  the  cathode,  given  by 


4  F 

1c,l  - 


(1) 


Table  2 

A  comparison  of  intrusion  properties  of  thick  vs.  thin  GDLs. 


Property 

Thick  paper 

Thin  paper 

Total  intrusion  volume  (mL  g-1) 

4.9 

2.9 

Total  pore  area  (m2  g-1) 

4.1 

9.3 

Median  pore  diameter  (pm) 

54 

39 

Porosity  (%) 

88 

83 

where  F  is  the  Faraday’s  constant,  Ld  is  the  GDL  thickness,  D^2  is  the 
effective  diffusivity  of  oxygen  in  the  GDL,  and  p02  is  the  oxygen 
partial  pressure  in  the  cathode  chamber,  which  can  be  different 
from  the  feed  partial  pressure,  depending  on  feed  flow  rate  and 
current  density. 

It  has  been  shown  in  our  previous  work  [49]  that  the  dusty-gas 
model  (DGM)  can  be  used  to  model  the  effective  gas-phase  diffu¬ 
sivity  of  a  gaseous  species  in  the  GDL.  The  dusty-gas  model  involves 
three  DGM  structural  parameters  characterizing  the  porous 
medium  [49];  namely,  K o  is  the  DGM  parameter  for  Knudsen 
diffusion,  7<j,  the  DGM  parameter  for  ordinary  diffusion,  and  %  the 
d’Arcy  permeability.  These  DGM  parameters,  in  turn,  may  be  esti¬ 
mated  from  the  three  more  common  structural  properties,  namely, 
the  porosity  (e),  the  tortuosity  (t)  and  the  mean  pore  radius  (a),  via 

(2) 

*•  - ;  <3> 

s°  =  ?(ir)  (4) 

Further,  of  course,  all  of  these  parameters,  namely,  e,  t,  and  a,  in- 
situ  are  strongly  affected  by  the  water  loading  in  the  GDL,  qw  [52], 
also  called  saturation,  S,  in  the  fuel  cell  literature  [53  ,  i.e.,  the 
fractional  pore  volume  occupied  by  water,  which  is  clearly  a  func¬ 
tion  of  the  relative  humidity  (RH)  in  the  fuel  cell.  Thus,  from  its 
definition 

4=(1-qw)  (5) 

£U 

where  e°  is  the  dry  porosity  of  the  GDL  (the  superscript  0  represents 
dry).  Further,  Datta  and  Rinker  [52]  have  provided  correlations  for 
the  ratio  of  wet  to  dry  tortuosity 

7>-  Grf-O-lw)-  (6) 

where,  e.g.,  a  =  0.5  corresponds  to  the  Bruggeman  correlation, 
while  a  =  \  corresponds  to  the  so-called  random-pore  model.  The 
Bruggeman  correlation,  although  commonly  used  in  the  fuel  cell 
literature,  has  been  shown  to  drastically  underestimate  the  tortu¬ 
osity  factor  of  a  GDL  [54].  There  are  other  models  available  in  the 
literature  that  use  different  correlations  between  porosity  and 
tortuosity  [55,56],  although  it  is  not  clear  that  any  of  these  corre¬ 
lations  are  more  accurate  for  GDLs,  which  are  macroporous.  Hwang 
and  Webber  [53]  found  that  for  GDLs,  a  better  correlation  is  ob¬ 
tained  with  a  >  2. 

Another  reason  for  the  difficulty  in  predicting  the  tortuosity 
factor  of  the  GDL  becomes  clear  when  one  more  closely  examines 
its  structure,  a  3-D  rendering  of  which  is  shown  in  Fig.  1.  It  is  clear 
from  this  image  that  the  GDL  is  quite  heterogeneous  in  both 
structure  and  composition.  Further,  some  of  the  large  pores  do  not 
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go  completely  through  the  GDL,  i.e.,  these  are  the  so-called  “ink 
well  pores”,  which  influence  the  porosity  of  the  GDL,  but  do  not 
contribute  to  the  permeability.  It  is  also  clear  from  Fig.  1  that  the 
pore  shape  is  not  uniform.  Such  variations  in  the  pore  structure  can 
cause  two  GDLs  to  appear  similar  in  basic  structural  properties  (i.e., 
porosity,  mean  pore  size,  etc.),  yet  have  significantly  different 
effective  water  vapor  diffusivity  values,  as  shown  in  a  comparison 
of  GDLs  A  and  B  in  Table  3. 

Finally,  Datta  and  Rinker  [52  provide  the  following  correlation 
for  the  mean  pore  radius  change  from  a  dry  to  a  wet  porous 
medium 


a 

a0 


(1  -  Qw)Vs 


(7) 


The  use  of  Eqs.  (5)-(7)  in  Eqs.  (2)-(4)  results  in  correlations  that 
describe  the  effect  of  the  liquid  loading  on  the  DGM  constants,  and 
hence,  on  the  effective  gas-phase  diffusivity. 

Alternately,  as  is  more  common,  one  may  empirically  correlate 
effective  diffusivity  as  follows  [53] 


Deo2,D  =  ^D0.,c  =  (e°)V,c  (1  -dw?  =  <,d(1  -  9w)P 

(8) 

where  is  the  effective  diffusion  coefficient  of  oxygen  in  a  dry 
GDL,  while  D02;c  is  the  gas-phase  diffusivity  of  02.  The  exponent  0  is 
empirically  fitted  and  of  the  order  of  1.5-3  53]. 

The  data  of  Hwang  and  Weber  [53]  were  measured  from 
limiting  current  density  of  hydrogen  in  a  specially  designed  cell. 
However,  there  are  few  data  of  this  nature  available  in  the  literature 
measured  directly  for  oxygen  [54,56].  On  the  other  hand,  water 
vapor  diffusivity,  typically  in  a  dry  GDL,  i.e.,  D^d,  is  more  readily 
measured  via  a  (steady-state)  diffusion  cell,  as  described  by 
LaManna  et  al.  [57],  or  via  a  transient  diffusion  technique  described 
below,  and  may  be  used  as  a  rough  measure  of  the  oxygen  effective 
diffusivity  to  correlate  with  limiting  current  density,  as  follows. 

For  the  same  GDL,  thus,  from  Eq.  (8)  used  for  02  as  well  as  for 
water  vapor,  W 


D^  =  D^(^f)d-^  (9) 

In  other  words,  the  effective  diffusivity  of  oxygen  and  that  of 
water  vapor  are  proportional  for  a  given  GDL  under  dry  conditions. 
Consequently,  Eq.  (1)  takes  the  form 

icL  =  [wrD  (fef)  no) 


where  the  term  in  the  curly  brackets  is  a  constant.  In  other  words, 
one  would  expect  a  linear  relationship  between  the  limiting 


Table  3 

A  comparison  of  GDL  structures  with  different  effective  water  vapor  diffusivities. 


Property 

GDL  A 

GDL  B 

Thickness  (pm) 

192 

184 

Basis  weight  (g  m-2) 

56.8 

56.1 

Porosity  (%) 

81.4 

81.6 

Total  pore  area  (m2  g-1) 

9 

9.3 

Total  pore  volume  (mL  g-1) 

2.5 

2.6 

Mean  pore  diameter  (pm) 

48.3 

50.7 

Predicted  Deff/D0  (Bruggeman) 

0.734 

0.729 

Measured  Deff/D0  (water  vapor) 

0.135 

0.241 

current  density  and  the  effective  water  vapor  diffusivity  measured 
under  dry  conditions,  or  for  a  case  when  the  liquid  loading  in  the 
GDL  is  not  high.  However,  for  cells  operating  at  high  operating 
current  densities  or  under  wet  conditions,  one  would  expect 
deviations,  as  the  GDL  gradually  becomes  saturated  with  water. 
Results  supporting  these  conclusions  are  provided  in  Section  3.2. 


3.1.  Measurement  of  water  vapor  effective  diffusivity 

The  effective  water  vapor  diffusivity  values  provided  in  Table  3 
were  measured  with  a  specially  designed  apparatus  shown  sche¬ 
matically  in  Fig.  4.  This  is  a  transient  measurement  device,  where  at 
time  t  <  0,  the  GDL  and  dry  chamber  have  been  completely  purged 
of  any  water  via  bottled  dry  air.  At  time  t  >  0,  a  wet  chamber  with  an 
RH  of  100%  is  lowered  onto  the  GDL  sample,  and  an  RH  sensor  is 
placed  at  a  known  distance  from  the  bottom  of  the  GDL  sample,  as 
shown  in  Fig.  5.  The  transient  water  vapor  content  at  this  location  is 
measured  as  a  function  of  time  over  2  min,  and  used  to  determine 
the  effective  water  vapor  diffusivity  of  the  GDL,  Deff,  by  fitting  to  the 
transient  solution  of  a  1-D  model  based  on  Fields  second  law 


ac 
at  “ 

32c 

Deff6^ 

for 

(0  <  x  <  Ls 

,  t>  0) 
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where  c  is  the  water  vapor  concentration,  x  is  the  distance  along  the 
sample  path,  Ls  is  the  thickness  of  the  GDL  sample  and  L  is  the 
distance  from  the  bottom  of  the  GDL  sample  to  the  RH  sensor,  Deff  is 
the  effective  water  vapor  diffusion  coefficient  of  the  sample,  and  D0 
is  the  diffusion  coefficient  of  water  vapor  in  air.  The  Do  value  is 
adjusted  for  temperature  and  pressure  of  the  room  via  the  modified 
ideal  gas  law  and  the  collision  integral. 

This  model  is  solved  subject  to  the  following  boundary  condi¬ 
tions:  1)  saturated  water  vapor  at  the  wet  chamber/GDL  interface, 

2)  vapor  flux  is  continuous  at  the  GDL/Dry  chamber  interface,  and 

3)  there  is  no  mass  flux  out  of  the  dry  chamber  (sealed  chamber). 
The  initial  condition  is  no  water  vapor  within  the  sample  or  dry 
chamber  at  the  beginning  of  the  test. 

Further,  the  model  involves  four  key  assumptions:  1 )  there  is  no 
convection  (pressure  driven  flow),  2)  the  gas  density  (T  and  P)  is 
constant,  3)  water  vapor  diffuses  instantly  across  the  diffusion 
barrier  at  the  start  of  the  test,  and  4)  there  is  no  significant  water 
condensation  within  the  GDL  during  this  test.  While  the  first  two 
assumptions  are  reasonable,  and  the  third  can  be  verified  by 
measuring  the  diffusion  curve  of  the  film  without  a  GDL  sample 
present,  the  fourth  assumption  is  more  difficult  to  verify.  Here  it  is 
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Fig.  5.  Conceptual  diagram  of  a  transient  water  vapor  diffusivity  measurement 
apparatus. 


assumed  to  be  true  by  ensuring  that  both  chambers  are  dry  at  t  <  0, 
and  holding  the  system  at  constant  temperature  during  the  test. 

For  any  given  continuous  GDL  roll,  the  diffusivity  value  is 
determined  by  measuring  six  different  locations  on  the  roll  (three 
across  the  web  at  both  the  start  and  end  of  the  roll),  and  then 
averaged. 

It  is,  of  course,  possible  to  control  the  effective  diffusivity  of  a 
continuously  made  paper  GDL  roll  by  altering  the  pore  structure  at 
the  substrate  and  at  the  MPL  levels  (Fig.  1).  The  base  substrate 
material  can  be  altered  either  by  modifying  the  fill  matrix  in  the 
substrate  or  by  changing  key  parameters  in  the  manufacturing 
process  to  alter  the  pore  structure.  The  PTFE  content  in  the  sub¬ 
strate  can  be  modified  to  change  the  hydrophobicity  level,  which 
also  directly  impacts  both  the  total  porosity  and  the  effective  water 
vapor  diffusivity  of  the  GDL.  The  MPL  structure  can  also  be  modified 
with  different  particle  sizes  and  types,  as  well  as  PTFE  loading. 
Based  on  an  understanding  of  the  impact  of  these  modifications,  it 
is  possible  to  manufacture  GDLs  with  specific  effective  diffusivity 
values  for  optimal  cell  performance  under  a  given  set  of  conditions. 


3.2.  Water  vapor  diffusivity  and  wet  limiting  current  density 

As  argued  above,  the  water  vapor  diffusivity  hence  measured  is 
a  good  predictor  of  the  GDL  performance  in  a  fuel  cell  and  limiting 
current  density.  Thus,  a  group  of  GDL  samples  with  different 
effective  water  vapor  diffusivities  was  fabricated.  The  effective 
water  vapor  diffusivity  in  these  samples  was  modified  by  altering 
the  pore  structure  of  the  substrate,  the  PTFE  content  in  the  sub¬ 
strate,  as  well  as  the  design  and  number  of  the  MPLs  coated  on  the 
surface. 

The  measured  effective  water  diffusivity  values  correlate  well 
with  in-situ  performance,  as  shown  in  Fig.  6.  It  is  clear  from  this 
Fig.  6  that  with  increasing  effective  water  vapor  diffusivity,  the 
mass  transport  “knee”,  along  with  the  limiting  current  density,  is 
extended  to  proportionately  higher  currents,  as  predicted  by  Eq. 
(10).  The  initial  impact  is  significant  when  the  diffusivity  changes 
from  a  value  of  x  to  a  value  of  2x,  but  the  impact  is  reduced  when 
progressing  subsequently  from  a  value  of  2x  to  a  value  of  3x.  This 
indicates  that  there  are  other  factors,  e.g.,  higher  GDL  loading,  qw,  at 
high  current  densities  that  limit  performance  once  the  effective 
water  vapor  diffusivity  becomes  very  high.  Further,  it  is  evident 
from  this  Fig.  6  that  the  higher  diffusivity  not  only  impacts  the 
limiting  current,  but  also  to  some  extent  even  the  performance  in 
the  region  removed  from  mass  transfer  limitations. 

Additional  GDL  samples  were  fabricated  and  their  wet  limiting 
current  densities  were  correlated  directly  to  effective  water  vapor 
diffusivity,  as  rationalized  in  Eq.  (10)  and  shown  in  Fig.  7.  Although 
the  data  are  limited,  it  is  clear  that  there  is  a  strong  linear 


Fig.  6.  Fuel  cell  performance  for  GDLs  with  different  effective  water  vapor  diffusivity 
values. 


correlation  ( R 2  >  0.95)  between  effective  water  vapor  diffusivity 
and  wet  limiting  current  densities,  with  the  straight  line  seemingly 
passing  through  the  origin.  It  should  be  noted  that  the  range  of 
these  experiments  is  limited  to  effective  diffusivity  ratios  (Deff/ 
Do)  >  0.2  under  specific  operating  test  conditions  (70  °C,  12  psig,  2x 
stoichiometric  flows,  100%  RFI  A/C)  and  that  the  trend  may  well  be 
nonlinear  outside  of  these  conditions,  as  indicated  in  Fig.  6,  and 
rationalized  via  Eq.  (10).  Regardless,  it  is  clear  from  both  Figs.  6  and 
7  that  there  is  a  direct  relationship  between  the  measured  effective 
water  vapor  diffusivity  and  the  ultimate  cell  performance.  It  is  likely 
that  the  nonlinearity  observed  in  Fig.  6  for  very  high  water  vapor 
effective  diffusivity  is  because  of  increased  water  loading  at  high 
current  densities.  This  could  be  confirmed  by  directly  measuring 
oxygen  effective  diffusivity  as  a  function  of  qw,  but  such  experi¬ 
ments  have  apparently  not  been  performed  as  of  yet.  An  effective 
oxygen  diffusivity  measurement  tool  that  can  be  operated  under 
various  humidification  levels  could  potentially  predict  cell  perfor¬ 
mance  more  accurately  than  the  standard  dry  diffusivity  tool  and 
should  be  developed.  In  summary,  we  may  conclude  for  now  that 
the  readily  measured  water  vapor  effective  diffusivity  as  described 
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Fig.  7.  Correlation  of  effective  water  vapor  diffusivity  measurements  and  wet  limiting 
current  density  data  (70  °C,  12  psig,  100%  RH  on  A/C)  for  four  GDL  designs. 
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above  can  be  used  to  reliably  predict  the  performance  of  the  GDL  in 
a  PEM  fuel  cell. 

3.3.  GDL  air  permeability 

The  air  permeability  of  the  GDL  is  typically  measured  in  both 
through-plane  and  in-plane  directions.  The  through-plane  mea¬ 
surement  is  also  indicative  of  the  effective  diffusion  coefficient  of 
oxygen  through  the  GDL  to  the  catalyst  layer.  Thus,  the  perfor¬ 
mance  tends  to  improve  as  through-plane  permeability  increases. 
The  in-plane  measurement,  on  the  other  hand,  is  indicative  of  the 
convective  flow  of  the  reactant  gases  through  the  GDL,  parallel  to 
the  flow  channels  of  the  bipolar  plate.  The  impact  of  the  GDL 
structure  on  these  properties  is  understandably  different.  The  air 
permeability  of  the  GDL  can  be  altered  by  changing  the  thickness, 
the  compressibility,  the  porosity,  the  pore  size,  and  the  pore  shape 
of  the  GDL. 

The  through-plane  permeability  of  the  GDL  decreases  as  GDL 
thickness  increases.  This  is,  of  course,  because  thicker  GDLs  have 
longer  diffusion  lengths,  but  the  effect  is  also  magnified  during 
operation  because  thicker  GDLs  tend  to  retain  more  water,  blocking 
pores  available  for  diffusion.  The  in-plane  permeability,  on  the 
other  hand,  tends  to  increase  as  GDL  thickness  increases,  due  to 
increased  porosity  of  the  thicker  GDL  (Table  2).  Increased  in-plane 
permeability  is  helpful  for  interdigitated  flow  field  designs  due  to 
improved  convection  of  the  gases,  but  is  undesirable  for  fuel  cell 
stacks  with  parallel  or  serpentine  flow  field  designs.  Issues  such  as 
uneven  flow  sharing  can  then  arise  and  allow  for  water  buildup  in 
the  channels,  resulting  in  reactant  bypass  [58],  which  reduces  cell 
performance.  On  the  other  hand,  convection  through  the  GDL  in  an 
interdigitated  bipolar  plate  reduces  the  effective  through-plane 
diffusion  path  length. 

The  permeability  of  the  GDLs  can  be  measured  by  controlling 
the  flow  of  gas  (typically  air  or  nitrogen)  through  the  material  in  a 
specific  direction.  Since  most  GDLs  have  some  compressibility,  the 
permeability  changes  depending  on  the  compression  level  [59]. 
One  of  the  simplest  ways  to  measure  through-plane  permeability  is 
with  a  manual  densometer,  such  as  the  one  manufactured  by 
Gurley  Precision  Instruments  of  Troy,  New  York,  and  described  in 
detail  in  the  literature  [45].  This  tool  can  also  be  used  to  measure 
in-plane  permeability  by  placing  a  seal  around  the  through-plane 
hole  and  recording  the  time  for  the  fluid  to  permeate  through  the 
GDL  sample. 

4.  The  microporous  layer  (MPL) 

The  microporous  layer  (MPL)  (Fig.  1)  is  typically  comprised  of 
carbon  and  graphite  particles  that  are  mixed  with  PTFE  and  some 
binder  material  into  a  coating  ink  for  application.  The  MPL  performs 
many  roles  in  improving  the  GDL  function,  that  include:  1) 
providing  a  smoother  surface  for  contact  with  the  catalyst  layer/ 
membrane,  2)  providing  appropriate  pore  size  to  aid  in  water 
removal/retention  in  the  MEA,  3)  preventing  catalyst  migration  into 
the  GDL  substrate  and  hence  losing  contact  with  the  membrane, 
and  4)  enhancing  electronic  transport  to  the  current  collectors. 

4.1.  MPL  characterization  techniques 

Pore  shape  and  connectivity  of  the  MPL  can  be  measured  via 
standard  intrusion  porosimetry,  provided  that  the  MPL  can  be 
coated  on  to  a  non-porous  material,  or  alternately  if  the  substrate 
porosimetry  data  can  be  separated  from  the  GDL  porosimetry  data. 
The  thermal  properties  of  the  MPL  are  measured  via  a  standard 
method,  such  as  laser  flash  analysis,  while  electrical  resistivity  is 
measured  using  the  four  probe  method  [45].  The  surface  roughness 


can  be  analyzed  via  a  simple  profilometer,  or  through  a  more  in- 
depth  approach,  such  as  a  laser  confocal  microscope,  or  an  atomic 
force  microscope.  Compressibility  of  the  MPL  is  measured  via  tak¬ 
ing  the  thickness  at  multiple  compressive  loads,  similar  to  the 
standard  method  for  GDL  substrates.  Durability  is  tested  via  long¬ 
term  testing  (>500  h)  to  examine  for  MPL  washout  (the  removal 
of  loosely  bound  MPL  particles  by  product  water  thereby  reducing 
MPL  loading),  reduction  in  hydrophobicity,  and  MPL  carbon 
corrosion.  Adhesion  to  the  GDL  substrate  is  determined  via  a 
standard  tape  test,  in  which  an  adhesive  tape  is  applied  to  the 
surface  at  a  variety  of  controlled  pressures  and  then  removed  and 
measuring  the  amount  of  material  removed  by  the  adhesive. 

There  are  the  following  four  key  variables,  discussed  below, 
which  can  be  altered  in  the  MPL  design:  1 )  number  of  MPLs,  2)  MPL 
thickness,  3)  particle  size,  and  4)  particle  type. 

4.2.  Effect  of  the  number  of  MPLs 

When  the  MPL  was,  rather  recently,  first  applied  to  a  GDL  [60], 
the  goal  was  to  create  a  thin  layer  with  very  small  hydrophobic 
pores  that  promote  water  transport  away  from  the  catalyst  layer. 
Testing  was  limited  to  mainly  small  carbon  black  particles  (e.g., 
Vulcan  XC-72,  Shawinigan)  and  little  attention  was  paid  to  the 
quality  of  the  coating.  The  modern  MPLs  are  more  sophisticated, 
and  are  designed  to  control  the  size  of  the  pores  gradually  from  the 
catalyst  layer  to  the  flow  channel,  as  well  as  the  distance  that  the 
MPL  penetrates  into  the  substrate,  to  avoid  elimination  of  large 
pores  in  the  substrate.  The  water  transport  can  be  greatly  enhanced 
by  generating  a  controlled  pore  structure  with  smaller  pores  near 
the  catalyst  layer,  slowly  moving  to  larger  pores  as  it  moves  through 
the  material  towards  the  bipolar  plate,  as  shown  schematically  in 
Fig.  8.  The  optimal  design  of  the  MPL  structure  is  dependent  on  the 
application,  the  operating  conditions,  the  flow  field  design,  the  type 
and  quantity  of  catalyst,  and  the  membrane  used  in  the  fuel  cell. 
The  desired  MPL  structure  in  Fig.  8  can  be  accomplished  simply  by 
applying  two  or  more  different  MPLs  to  the  GDL,  where  each  MPL 
has  a  different  level  of  hydrophobicity,  particle  size  and  type,  and 
thickness. 

The  performance  of  a  GDL  with  a  single  MPL  is  compared  in 
Fig.  9  under  the  same  operating  conditions  with  that  of  the  same 
substrate  with  two  MPLs.  The  two-layer  MPL  clearly  provides  not 
only  a  higher  limiting  current  density,  but  also  enhances  the  per¬ 
formance  throughout  by  reducing  the  Ohmic  overpotential  via 
improved  protonic  conductivity  and  interfacial  contact,  while 
extending  the  mass  transport  knee  significantly,  due  to  improve 
water  transport  properties.  In  fact,  modern  GDL  structures  can  have 
as  many  as  three  MPLs  added  to  the  substrate.  For  most  low  power 
applications  with  minimal  humidification  levels,  a  single  MPL  will 
often  suffice  for  meeting  performance  goals.  For  high  power 
applications,  or  under  very  wet  conditions,  multiple  MPLs  may  be 


Fig.  8.  Schematic  of  liquid  water  removal  from  the  catalyst  layer  being  facilitated  from 
small  pores  in  the  outermost  MPL  to  larger  pores  on  the  innermost  MPL  to  the  largest 
pores  in  the  GDL  substrate  material. 


276 


J.M.  Morgan,  R.  Datta  /  Journal  of  Power  Sources  251  (2014)  269-278 


0  200  400  600  800  1000  1200  1400 

Current  Density  (mA/cm2) 

Fig.  9.  Comparison  of  fuel  cell  performance  with  the  same  base  GDL  substrate  coated 
with  a  single  MPL  and  with  2  MPLs. 

required  to  achieve  the  desired  fuel  cell  performance.  It  is  impor¬ 
tant  to  remember  that  although  multiple  MPLs  provide  additional 
control  of  the  pore  structure  and  enhanced  performance,  this 
comes  at  an  additional  manufacturing  cost  associated  with  the 
additional  formulation  and  coating  of  these  layers. 

When  designing  a  GDL,  it  is  also  important  to  recognize  that  the 
demands  on  the  anode  and  the  cathode  are  different.  Altering  the 
number  and  type  of  MPLs  used  can  help  to  force  the  flow  of  product 
water  in  one  direction  or  the  other.  This  can  be  helpful  in  appli¬ 
cations  such  as  the  direct  methanol  fuel  cell  (DMFC),  where  forcing 
product  water  from  the  cathode  through  the  membrane  to  the 
anode  may  help  reduce  methanol  crossover  by  diluting  the 
reactants  at  the  anode  catalyst  layer  and  thereby  improving  per¬ 
formance.  A  fuel  cell  stack  that  has  a  different  design  for  the  anode 
and  cathode  GDLs  may  have  a  higher  performance  under  specific 
operating  conditions,  but  will,  of  course,  also  come  at  a  higher  cost 
because  of  more  complex  processing  in  high-volume  production. 
These  factors  should  be  weighed  when  optimizing  GDLs  for  a 
specific  application. 

4.3.  Effect  of  the  MPL  thickness/loading 

There  have  been  numerous  investigations  that  have  examined 
the  effect  of  MPL  composition  and  thickness  under  a  single  set  of 
conditions  [34-43,61  ,  but  few  that  have  examined  their  impact 
under  different  operating  conditions,  which  is,  therefore,  our  focus 
here. 

In  the  first  study,  thus,  a  total  of  three  MPL  loadings  were 
examined  (10,  30  and  60  g  m-2)  with  medium-sized,  i.e.,  17  pm, 
particles  under  both  wet  (>70%  RH)  and  dry  (<30%  RH)  operating 
conditions.  In  the  second  study,  a  total  of  three  MPL  particle  sizes 
(5,  17,  55  pm)  with  an  intermediate  loading  (30  g  m“2)  were 
examined  under  both  wet  (>70%RH)  and  dry  (<30%  RH)  conditions. 
In  all  of  these  studies,  the  same  hydrophobicity  level  was  used  in 
the  MPLs,  and  the  MPLs  were  coated  on  the  same  base  substrate 
material.  The  resulting  GDL  samples  were  tested  in  a  50  cm2  single 
fuel  cell,  with  double-pass  serpentine  flow  channels  on  the  anode 
and  triple-pass  serpentine  channels  on  the  cathode,  operated  at 
70  °C  and  12  psig  back  pressure,  with  both  anode  and  cathode  flows 
held  at  2x  stoichiometric  flow. 

The  results  with  different  MPL  loadings  are  presented  in  Figs.  10 
and  11,  respectively,  for  dry  and  wet  conditions.  As  can  be  seen  from 
Fig.  10  for  dry  conditions,  increasing  the  MPL  loading  from  10  g  m-2 


to  30  g  m-2  improves  performance  significantly  throughout.  This  is 
because  the  thicker  MPL  prevents  the  membrane  from  drying  out, 
greatly  improving  the  proton  conductivity  and  thus  reducing 
Ohmic  losses.  As  the  thickness  is  further  increased  to  60  g  m-2, 
however,  the  mass  transport  limitations  in  the  GDL  begin  to 
dominate,  as  evident  from  the  mass  transport  “knee”  in  Fig.  10.  In 
general,  it  is  important  in  designing  a  GDL  to  balance  the  improved 
conductivity  associated  with  keeping  the  membrane  adequately 
hydrated  with  transport  limitations  associated  with  flooding  of  the 
GDL  with  too  much  water. 

On  the  other  hand,  as  can  be  seen  from  Fig.  11,  when  the  cell  is 
operating  under  wet  conditions,  the  performance  improves  as  the 
thickness  is  reduced.  There  is  little  impact  of  loading  in  the  Ohmic 
region  as  the  membrane  is  well-hydrated  because  of  operation  at 
high  RH,  but  the  mass  transport  limitations  are  more  pronounced 
with  the  higher  MPL  loadings.  It  is  interesting  to  note,  however,  that 
the  performance  under  wet  conditions  without  an  MPL  has  been 
shown  to  be  worse  [37],  indicating  that  for  this  case,  the  optimal 
MPL  loading  is  low,  i.e.,  <10  g  itT2.  Under  very  wet  conditions,  thus, 
it  is  important  to  keep  the  MPL  loading  low  to  prevent  mass 
transport  limitations  due  to  flooding  of  the  GDL. 

4.4.  Effect  of  the  MPL  particle  size 

The  influence  of  MPL  particle  size,  which  determines  the 
effective  MPL  pore  size  (Fig.  8),  on  fuel  cell  performance  is 
described  in  Figs.  12  and  13,  respectively,  for  dry  and  wet  condi¬ 
tions.  As  can  be  seen  from  Fig.  12,  under  dry  conditions,  smallest 
particles  in  the  MPL  provide  the  lowest  performance,  while  me¬ 
dium  size  particles  provide  the  best.  This  is  because  the  increased 
pore  size  allows  improved  membrane  humidification  and  thus 
proton  transport,  reducing  the  Ohmic  overpotential.  As  the  particle 
size  increases  further,  however,  the  pore  size  of  the  MPL  tends 
toward  pore  size  of  the  GDL  substrate,  which  causes  the  perfor¬ 
mance  to  drop  somewhat  due  to  mass  transport  limitations,  similar 
to  a  GDL  without  an  MPL  coating. 

Under  wet  operating  conditions,  the  largest  particles  show  rapid 
mass  transport  loss  as  shown  in  Fig.  13,  similar  to  what  one  would 
see  using  a  GDL  without  an  MPL.  The  mass  transport  limitations, 
and  consequently  the  performance,  improve  significantly  as  the 
particle  size  is  reduced  to  17  pm.  A  further  reduction  in  the  particle 
size  to  5  pm,  while  showing  little  effect  of  mass  transport  losses, 
causes  an  increase  in  the  Ohmic  overpotential  due  to  overly 
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Fig.  10.  Influence  of  MPL  loading  on  fuel  cell  performance  under  dry  operating  con¬ 
ditions  (<30%  RH). 
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Fig.  11.  Influence  of  MPL  loading  on  fuel  cell  performance  under  wet  operating  con¬ 
ditions  (>70%  RH). 

effective  water  removal.  Overall,  the  medium  particles,  thus, 
perform  the  best  under  wet  conditions  in  the  tested  range.  In 
general,  thus,  a  particle  size  between  5  and  20  pm  should  be  used 
for  applications  under  wet  conditions.  The  optimal  MPL  design 
requires  a  balance  between  the  Ohmic  losses  and  the  mass  trans¬ 
port  losses  associated  with  different  particle  sizes. 

4.5.  Effect  of  the  MPL  particle  type 

In  addition  to  thickness  and  particle  size,  the  type  of  carbon 
particle  can  affect  MPL  performance.  Classic  MPL  designs  typically 
involved  acetylene  black  [38  ,  but  other  materials  such  as  pelletized 
carbon  blacks,  metcokes,  flake  graphite,  carbon  nanotubes  (CNTs), 
amorphous  graphite,  or  synthetic  graphite  can  be  used  in  the  MPL 
ink.  The  different  types  of  particles  can  affect  pore  shape  and 
connectivity,  pore  size,  wettability,  thermal  and  electrical  proper¬ 
ties,  surface  roughness,  compressibility,  durability  (corrosion 
resistance),  and  adhesion  to  the  GDL  substrate.  In  addition,  other 
materials,  such  as  carbon  fibers  or  even  metallic  particles  [62],  can 
be  added  to  the  GDL  to  improve  performance  for  different  oper¬ 
ating  conditions  or  applications.  However,  there  is  currently  a  lack 
of  careful  analysis  in  the  literature  on  the  effect  of  particle  type  in 
MPL. 
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Fig.  12.  Influence  of  MPL  particle  size  on  fuel  cell  performance  under  dry  operating 
conditions  (<30%  RH). 
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Fig.  13.  Influence  of  MPL  particle  size  on  fuel  cell  performance  under  wet  operating 
conditions  (>70%  RH). 


Although  different  particle  types  can,  thus,  be  used  to  improve 
the  structural  properties  and  functioning  of  the  MPL,  there  are 
other  practical  considerations  as  well  when  selecting  a  particle  type 
for  an  MPL.  PEM  fuel  cells  are  especially  susceptible  to  poisoning 
from  very  low  levels  of  cations,  especially  from  ferrous  metals,  so 
any  MPL  particle  type  used  should  be  tested  as  a  potential  source  of 
such  contamination.  In  addition,  the  particles  should  be  commer¬ 
cially  available  from  more  than  one  supplier,  and  of  as  low  a  cost  as 
possible.  Some  particles,  e.g.,  CNTs,  while  showing  improved  fuel 
cell  performance,  are  unlikely  to  reach  the  required  cost  targets  for 
commercialization.  The  selected  particle  type  should  also  be 
compatible  with  standard  MPL  mix  components  such  as  PTFE  and 
carbon  black. 

5.  Conclusions 

This  paper  discusses  key  GDL  and  MPL  structural  and  design 
characteristics  that  determine  the  effectiveness  of  a  GDL  in  meeting 
the  disparate  demands  placed  on  it,  namely,  providing  facile 
transport  of  reactants  and  products  to  and  from  the  catalyst  layer, 
efficiently  conducting  heat  and  electricity,  and  deftly  managing 
membrane  hydration,  while  providing  structural  protection  to 
other  delicate  MEA  components. 

The  key  GDL  structural  properties  including  thickness,  porosity, 
and  pore  size  distribution.  In  general,  thicker  GDLs  have  higher 
porosity  and  larger  median  pore  diameter,  but  also  have  longer 
diffusion  path  lengths  and  tend  to  flood  more  easily.  The  optimal 
GDL  thickness  is  dependent  on  operating  conditions,  with  thin 
GDLs  preferred  for  high  current  density  or  very  wet  applications, 
and  thick  GDLs  preferred  on  low  current  density  or  dry 
applications. 

The  correlation  between  effective  oxygen  diffusivity  and  effec¬ 
tive  water  vapor  diffusivity,  which  is  more  readily  measured  via 
transient  method,  and  hence  between  effective  water  vapor  diffu¬ 
sivity  and  the  limiting  current  density  is  provided.  It  was  found  that 
the  limiting  current  density  and  the  cell  performance  improved 
rather  proportionately  with  the  measured  effective  water  vapor 
diffusivity,  until  it  reached  a  value  where  increasing  GDL  water 
loading  becomes  the  limiting  factor. 

The  MPL  design  is  discussed  at  length,  including  the  influence  of 
MPL  loading,  MPL  particle  size,  and  MPL  particle  type.  In  general, 
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lower  loadings  and  medium  to  small  particle  sizes  are  preferable 
under  wet  conditions  owing  to  their  effectiveness  in  water  removal. 
Larger  particles,  medium  thickness,  and  medium  PTFE  loadings  are 
preferable  under  dry  conditions  to  help  keep  the  membrane 
adequately  humidified  for  higher  conductivity  and  lower  Ohmic 
resistance.  This  work  has  also  shown  the  benefit  of  applying  mul¬ 
tiple  MPLs  to  a  GDL,  allow  a  more  gradual  change  in  pore  structure, 
from  very  small  pores  near  the  catalyst  surface  to  larger  pores  in  the 
GDL  substrate,  to  control  the  pore  structure  and  enhance  water 
management. 

Designing  a  GDL  while  being  mindful  of  these  disparate  con¬ 
siderations  is  clearly  complex,  requiring  a  careful  balancing  act. 
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BOP  balance  of  plant 

CCL  cathode  catalyst  layer 

CCM  catalyst-coated  membrane 

DOE  Department  of  Energy 

EERE  Energy  Efficiency  and  Renewable  Energy 

GDL  gas  diffusion  layer 

MPL  microporous  layer 

PEMFC  proton  exchange  membrane  fuel  cell 

PTFE  polytetrafluoroethylene  (teflon) 

RH  relative  humidity 

SOFC  solid  oxide  fuel  cell 
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